The Holifield Heavy Ion Research Facility will integrate a new 25 MV tandem electrostatic accelerator into the existing cyclotron laboratory which includes the Oak Ridge Isochronous Cyclotron (ORIC)
Introduction
The magnetic field of the Oak Ridge Isochronous Cyclotron, ORIC, was mapped2 some 15 years ago when the cyclotron was under construction. The addition of the Holifield Heavy Ion Research Facility's (HHIRF) 25 MV electrostatic accelerator as an injector has made remapping highly desirable. The original measurements did not cover the fringe field regions which will be traversed by the injected beam, and they were limited to field intensity levels below those which are now used routinely. The new field data will be used for trim coil current prediction and for injection/acceleration/extraction orbit and trajectory studies. The field mapping program began early in February 1977 and was completed in mid-March. This schedule was arranged to coincide with installation of the beam injection equipment and related RF system modifications.3
The field measurements were accomplished with a multiprobe system featuring 39 flip coil/current integrator sets, high speed data scanning and conversion, computer control, and computer recording and processing of field measurement data.
The Mapping System

Choice of Probes
In order to minimize the loss of cyclotron experiment time, a multiple probe system was considered essential. For convenience the number of probes was set at 39 to permit simultaneous measurement along a radial line with the probes spaced at 1 inch (2.54 cm) intervals between the magnet center and the pole face outer radius of 38 inches (96.52 cm).
Flip coils were chosen over Hall probes on the basis of accuracy, speed, reliability, cost, and simplicity. Hall probes have served well in previous measurements, and flip coils were subject to some serious shortcomings in the past. However, the present state of the art in solid state operational amplifiers permits the use of low cost integrator circuits which are quite stable and reliable. Flip coils are linear devices requiring calibration at only one field level, and the flip coil/integrator signal level can be at least an order of magnitude larger than that for Hall probes.
The Coils
The flip coils are wound on anodized aluminum forms and have an overall diameter of 0.525 in (1.33 cm) and a length of 0.378 in (0.96 cm) which results in a length/diameter ratio of 0.72. Each coil contains 2500 turns of AWG 36 enameled wire and has an effective area of 1400 sq cm. The radial displacement of the magnetic axis of each coil with respect to its geometric axis (the coil form axis) was measured by rotating the coil about its geometric axis in a gradient magnetic field. Displacements ranging from 1 to 6 mils (25 to 150 pm) were observed with an average value of about 3 mils (75 im). All 39 flip coils are mounted in a positioner shaft (probe arm) which flips all coils simultaneously about the shaft axis. The coils are oriented so that their radial magnetic axis displacements are perpendicular to the axis of probe arm rotation. Thus for any field with only first order derivatives, the radial displacement error in each coil is cancelled when the coil is flipped.
Coil Temperature Effects
The area of each coil increases with temperature at a rate proportional to twice the linear coefficient of expansion of the conductor material. However, the integrator output decreases with increasing coil resistance. It should be possible (in principle at least) to design a coil/integrator combination with proper choice of coil conductor length and resistance where the two temperature effects cancel each other. On the ORIC flip coils, the area temperature coefficient is dominant and the resultant measured field error is 3.5 parts in 105 per degree C. Consequently the flip coil shaft temperature is constantly monitored so that appropriate corrections may be applied.
The Integrators
Each flip coil is connected to its own exclusive integrator ( Fig. 1) for signal storage. The integrators are mounted in groups of four in NIM modules with exclusive IC voltage regulators for each integrator. The integrators are derived from the Analog Device 234L amplifier with a 1 pF polystyrene feedback capacitor and a nominal 70k ohm input resistor. Each module has a 4-pole shorting relay for discharging the inte rators. The integrator output signals are found from v = G J1 V dt, and vc = -(coil area) (do) (10-8) volts.
Using values of G = 107, R = 70 kQ, C = 1 iF, a sensitivity factor of 0.2 mV/gauss is calculated. This sensitivity was especially selected for obtaining a full-scale reading for a nominal ±26 kG magnetic field on an ADC with a dynamic range of ±10 volts. The resistance was adjusted by up to ±lOkQ to obtain nearly uniform sensitivity for each of the 39 coils whose area and feedback capacitors were subject to variations of about ±10%. The integrator configuration with the above parameters has a time constant equal to GRC of 700,000 seconds. 
Temperature Stabilization
The integrating capacitors and the amplifier offset currents are both temperature sensitive. The capacitors with a nominal 100 parts in 106 temperature coefficient can cause substantial calibration errors while varying offset currents cause the integrators to drift during the data acquisition process. Consequently, the entire NIM bin containing 10 integrator modules is temperature controlled with a proportional heater. Typical integrator offset drift rates are about 1 gauss in 20 sec.
Probe Positioner
The probe positioner design is based on an 80 inch diameter aluminum gear (Fig. 2) which was built for ORIC's original field measurements in which a sirigle Hall probe was used. The 39 flip coils are mounted on a single radial shaft which in turn is mounted on a machine slide so that the probe arm can be shifted to a radius 38 inches beyond the pole edge to measure the fringe field. The coils are spaced at 1 inch radius). This is equivalent to an error of less than 1 gauss due to azimuthal position error in the highest gradients. Preliminary azimuthal positioning is done with an 18 tooth driving gear which engages the outer portion of the teeth on the main gear; and final positioning is achieved by locking the 80 inch gear in place with a rotating wedge. The locking mechanism is constructed so that the precision surfaces of both the wedge and the gear teeth have essentially no sliding contact, and thus minimum wear. The flip coils are rotated by a rack and pinion gear. All probe positioner motions are air actuated except the probe arm radial extension which is manually adjusted.
Control System and Programming
The field mapping system is controlled by an SEL 840A computer via a CAMAC serial highway link between the remotely located computer and the cyclotron vault. A Triac module is used to switch 120V ac power for actuating air valve solenoids to flip the coils. Wheel motion is initiated by a logic level from the CAMAC interface and then controlled by an array of relays and limit switches. The TTL input and output registers in the CAMAC system transmit setup data from the computer to the Monitor Labs scanner, field data from the ADC to the computer, and component status data to the computer. There is a communications link between the master CAMAC crate and the ORIC's control computer from which field excitation data is obtained.
Finally, there is a teletype in the cyclotron vault which is driven by the master CAMAC crate. This teletype was important in the early de-bugging of the system and is now used to provide error messages and a running log of the field mapping.
A typical positioning and data acquisition sequence is illustrated in Table 1 For each of these levels, the effects of each of 10 circular trim coil pairs, 3 harmonic coil sets, and valley coils were measured. Approximately 4 million data points were acquired. Preliminary analysis indicates that the data is accurate to about ± 1 pp 10,000 or better. The measurement system has been highly reliable having only minor hardware problems. The flexibility of the computer control system has been especially useful. The computer was reprogrammed on several occasions in order to acquire unanticipated diagnostic data and to modify the measurement-data recording sequence so as to minimize the total scanning time.
